Fresnel zone plates are widely used as x-ray nanofocusing optics. To achieve high spatial resolution combined with good focusing efficiency, high aspect ratio nanolithography is required, and one way to achieve that is through multiple e-beam lithography writing steps to achieve on-chip stacking. A two-step writing process producing 50 nm finest zone width at a zone thickness of 1.14 lm for possible hard x-ray applications is shown here. The authors also consider in simulations the case of soft x-ray focusing where the zone thickness might exceed the depth of focus. In this case, the authors compare on-chip stacking with, and without, adjustment of zone positions and show that the offset zones lead to improved focusing efficiency. The simulations were carried out using a multislice propagation method employing Hankel transforms.
I. INTRODUCTION
Fresnel zone plates offer an excellent combination of high spatial resolution, acceptable efficiency, easy alignment, and energy tunability for x-ray nanofocusing and imaging. 1 The width dr N of the finest, outermost zone sets a limit to spatial resolution (dr N ¼ 20-50 nm in many cases, though 10 nm and below has been demonstrated in some experiments 2 ), while the thickness along the x-ray beam direction affects the efficiency as shown in Fig. 1 . This leads to requirements for high aspect ratio nanofabrication, for which a number of approaches have been developed including electroplating into reactive ion etched templates, [3] [4] [5] [6] atomic layer deposition for zone doubling, 7 and metalassisted chemical etching. 8 There are ultimate limits to the aspect ratio that single-write processes can achieve, and for this reason, there has also been much activity on stacking multiple zone plates in close proximity 9, 10 or at slightly longer distances from each other; 11 even so, single zone plates are still easier to use and do not require alignment adjustment. An alternative approach involves on-chip stacking, 12, 13 where a sequence of (1) resist spinning, (2) electron beam writing, (3) resist development, and (4) electroplating is repeated to create several zone plate patterns aligned on top of each other. Such a single optic makes for easier handling, and it also allows one to make the successive zone plates be in the confocal condition as described below.
Thicker zone plates require adjustment to their shapes. The depth of focus (DoF) of a zone plate can be characterized in terms of the outermost zone width as
As the x-ray wavelength k is increased toward the outermost zone width dr N , Eq. (1) shows that the depth of focus can drop down to, or below, the zone thickness that is ideal from an efficiency point of view ( Fig. 1 shows efficiency versus zone thickness). In such cases, a conventional zone plate will show poorer optical performance. Consider taking a thicker zone plate and dividing into four zone plates in close proximity, each with 25% the thickness; each will have a slightly different focal length to the desired common focus point, and if this difference is comparable to or larger than the depth of focus then one must adjust the zone positions accordingly as shown in Fig. 2 . Taken to a continuous limit, the planar zone plate should change to an ellipsoidal volume zone plate 13, 14 where the Bragg condition is satisfied separately in each local volume within the zone plate. In the case of on-chip stacking of individual high aspect ratio zone plate layers, the thickness of each layer should be smaller than the DoF.
We explore here two aspects of on-chip stacking to achieve high aspect ratio zone plates. The first involves an experimental demonstration of a process aimed at improved efficiency for hard x-ray nanofocusing. The second involves the use of multislice propagation for rapid numerical a) Author to whom correspondence should be addressed; electronic mail:
cjacobsen@anl.gov simulation of the focusing properties of a soft x-ray zone plate with dr N ¼ 10 nm outermost zone width and different zone radii for each layer.
II. FABRICATION PROCESS FOR HARD X-RAY NANOFOCUSING
Fabrication of zone plates using on-chip stacking requires accurate registration of subsequent zone plate layers. 12, 13 We describe here our process which involves placing alignment marks on silicon frames surrounding silicon nitride windows. Each zone plate layer was written at a position defined relative to these alignment marks.
The alignment marks were fabricated using electron beam lithography and a bilayer resist lift-off process. The substrate was a 500 lm thick, 0.5 Â 0.5 in. square silicon frame with a 1000 nm thick, 5 Â 5 mm square silicon nitride window fabricated using standard procedures. The silicon nitride layer was coated with 5 nm Cr as an adhesion layer and 30 nm Au as an electroplating base. The chip was cleaned using acetone and isopropyl alcohol (IPA) prior to the spinning of e-beam resist. The bilayer resist consisted of a layer of high-molecular-weight polymethyl methacrylate (PMMA) 950 A3 from MicroChem spun on top of a layer of low-molecular-weight methyl methacrylate (MMA) copolymer EL9; the MMA layer was used for creating an undercut to aid liftoff. Both resists were spun at 1500 rpm and sequentially baked at 180 C for 90 s. The exposure was carried out with a 100 keV JEOL JBX-9300FS electron beam lithography system using a dose of 2000 lC/cm 2 so as to create two global marks (100 Â 5 lm 2 ) on the silicon frame outside the window, and four chip marks (20 Â 1 lm 2 ) within the window area. The sample was developed in a 7:3 mixture of IPA and water at 0 C for 20 s. The metallic film used for the alignment marks was deposited by e-beam evaporation to yield a 150 nm thick gold film. The lift-off step was then performed by placing the sample in a heated bath of MICROPOSIT Remover 1165 from DOW Chemical at 70 C, followed by acetone and IPA rinse and N 2 drying. After the alignment marks were fabricated, PMMA 950 A5.5 was spun on the substrate to form a 580 nm PMMA layer which was then baked at 180 C for 90 s. Zone plate exposures were then carried out using a dose in the range of 1000-2000 lC/cm 2 for proximity correction, after which the sample was developed in a 7:3 volume mixture of IPA and water at room temperature for 45 s and then rinsed in IPA. A short oxygen plasma "descum" operation was used to remove any residue, after which the layer's zones were grown in the exposed regions via electroplating using Technic-Gold 25E at 40 C. The plating rate is 5-10 nm/s. After electroplating, the second layer of PMMA with same thickness was spun on top of first layer without removing the resist in the first layer. Each layer of the zone plate was written at designated coordinates relative to four chip marks.
This process was used to fabricate a double layer on-chip stacked zone plate made of gold. As shown in Fig. 3 , the net thickness from two layers was 1.14 lm, and the finest zone width was dr N ¼ 50 nm on a period of 100 nm to achieve an aspect ratio of 23:1. While aspect ratios of 20:1 have been achieved in 35 nm Au zones using single-write electron beam lithography, 15 the approach described here can in principle be carried out in subsequent steps to achieve much higher aspect ratios. Our work differs from earlier work 13 in the use of gold rather than nickel plating, and in achieving higher aspect ratios in the individual layers. While Fig. 3 shows that some parts of the zones have collapsed during processing, there are few apparent alignment errors between the single layers. Present work is aimed at extending this 19 ) assumes a perfect square wave pattern. As can be seen, zone plate thicknesses of 100-200 nm are sufficient for sub-1 keV x-ray focusing, while at x-ray energies near 10 keV, the best efficiency is obtained with thicknesses of a micrometer or more. The black line indicates the optimal thickness at each photon energy.
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III. DISCUSSION OF ZONE COLLAPSE AND ALIGNMENT ACCURACY
In high aspect nanofabrication of regular structures such as zone plate zones, one sometimes suffers from partial collapse of some zones. The partial collapse of zone structures usually happens during N 2 drying prior to electroplating when capillary forces can pull PMMA zones together; and also happens during N 2 drying after final electroplating when capillary forces can pull gold zones together. The first type of collapse (PMMA zones collapse) usually affects the adjacent zones, in the form of zone width change as illustrated by Fig. 4(b) . In this case, collapsed PMMA zones lead to deformed gold zones. However, these partially collapsed zones often do not touch their neighbors, due to the photoresist in between zones. In these cases, the top of the collapsed zones still overlap at least part of the second layer zones above, so that the second layer still gets electroplated. When the partially collapsed zones tilt a bit farther, the zones on the upper layer may appear to be "missing" at certain points and have apparent linewidth variations; this is shown schematically in Fig. 4(b) . Note that the second layer on top of the underplated zones still gets electroplated because the two layers are always connected near the buttresses which are occasionally placed between the zones, so that the two ends of a single zone block do not collapse. The second type of collapse (gold zones collapse) usually happens during N 2 drying for PMMA removal after electroplating, which leads to a single zone tilt or shift with adjacent zones unaffected as shown in Fig. 4(a) . No PMMA is removed until all layers are electroplated, which helped to avoid this type of collapse. However, some unconnected or unsupported zones in the first layer still have the chance to collapse when removing the PMMA.
Besides the fact that N 2 drying may cause PMMA collapse before electroplating, the oxygen plasma descum operation further distorts and deforms the collapsed PMMA zones because it acts in an oblique direction. The distortion in PMMA leads to distortions in the gold structures after electroplating, as shown in Fig. 4 . One way to solve this problem to put the sample directly into the water after development and then immerse it into the electroplating solution, without the drying and descum steps. This may require higher dose to ensure that the exposed area is developed and   FIG. 3. (Color online) Double-layer on-chip stacked gold zone plate with dr N ¼ 50 nm finest outermost zone width, and a combined thickness of 1.14 lm. A focused ion beam system (FIB) was used to cut out part of the zone plate structure so as to view the interior detail of the two zone layers. During FIB, a 200 nm Pt film was coated on zone plates. We estimate the alignment accuracy to be on the order of 10 nm or better.
FIG. 4. (Color online)
Schematic of effects that can follow from partial zone collapse. In case (a), the next layer of zones are written and electroplated in their proper position even if the underlying zone has suffered partial collapse. Gold zones can collapse when removing the PMMA after electroplating; this can lead to a single zone tilt or shift, with adjacent zones unaffected. In case (b), partial collapse of zones at certain points along their length can lead to linewidth variations when viewed at top, with the projected thickness through the optic being less dramatically affected than the top view would indicate. Resist buttresses help prevent collapsing and make it possible for the second layer to get electroplated even if the zones underneath are partially collapsed.
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cleared all the way down to the plating base. The first layer structures are not likely to collapse during the spinning of PMMA for a second layer because PMMA from the first layer's fabrication process supports the gold zones in the first layer. Critical point drying may be used to help reduce gold zone collapse in the final step after the second layer is plated and PMMA is removed. We estimate the alignment accuracy to be on the order of 10 nm or better, as shown in two ways. First, SEM images of 100 nm period zones with only 15 nm space between them (that is, with an incorrect mark:space ratio) show no layer alignment mismatch as shown in Fig. 5(a) . This is confirmed in SEM images of the buttress region at the zone plate edge, as shown in Fig. 5(b) . In this image, a 10 nm mismatch cross the 30 nm wide buttress gap would be very noticeable. This latter image also lets us see all the way down to the substrate through the gap. Since alignment errors must be larger than about 1/3 the finest zone width before optical performance is affected, 16 we believe that the JEOL JBX-9300FS can be used for multilevel zone plate fabrication down to 30 nm minimum zone width or better.
IV. SIMULATION OF THICK ZONE PLATES WITH ALIGNED OFFSETS
As noted above, on-chip stacking can also be used to correct for depth of focus variations in the zone radii as shown in Fig. 2 . Consider the case of a zone plate with dr N ¼ 10 nm outermost zone width for use at 290 eV for carbon near-edge absorption spectromicroscopy: 17, 18 its depth of focus according to Eq. (1) is 114 nm, whereas the thickness required for maximum efficiency is about 135 nm in nickel or 212 nm in gold. 19 In this case, it is important to consider the focusing properties of on-chip stacking with individual layers thinner than the depth of focus and with each layer's zone radii adjusted to focus to a common point. We therefore wish to compare the focusing properties of such a zone plate as shown in Fig. 2(b) against a zone plate without such adjustments as shown in Fig. 2(a) .
Volume effects in zone plates are best calculated using rigorous coupled wave theory (RCWT) which accounts for both vector field effects and, as a consequence, waveguide effects in higher aspect ratio structures. [20] [21] [22] However, when the finest zone width is many times larger than the x-ray wavelength, and the aspect ratio is modest (5:1 in the case of the simulation discussed here), small-mode-number waveguide effects are muted and a multislice scalar diffraction calculation 23 can approximate the behavior of a wave transiting the optic. We intend to explore the validity of this approximation by comparison against more rigorous calculations in future work; however, RCWT results are far easier to obtain in the case of a zone plate structure that does not vary in depth, unlike the stepped-in-depth structure considered here. We have used the multislice approach to propagate a coherent wave through successive layers of a stacked zone plate; this involves calculating the net attenuation and phase shift from a thin slab of material, and then using freespace propagation to the position of the next slab. In our case, we considered a 200 nm thick gold zone plate made of four layers of 50 nm thickness each, and a maximum offset of 5 nm for the outermost zones on the fourth layer of a D ¼ 50 lm diameter zone plate. For propagation along the beam direction, the slab thickness was set to be 10 nm, and the resulting exit wave was then propagated a distance f ¼ 116 lm to the focus. Although the size of the zone plates for soft x-ray is usually larger due to extremely small focal distance, bigger diameter is computationally demanding. Therefore, the choice of the diameter is limited by the computational capability. The simulation for 50 lm zone plates involves at least a 5 GB transform matrix and takes 24, 25 with a sampling approach to represent the on-axis position point 26 in a partial matrix calculation approach. 27 For near-field propagation over small distances z, we used a convolution approach which can be written as
whereas for longer propagation distances such as focal length we used a single Hankel transform approach of
These approaches have been validated by comparison with analytical results. 27 The results of a comparison between a simple, nonoffset zone plate and an on-chip stacked zone plate with adjustments to focus at a common point are shown in Fig. 6 . This simulation used a radial grid spacing of Dr ¼ 2 nm for output. This Fig. 2 ). This figure shows the radial intensity distribution as a function of defocus. The radial offsets are required to make each layer contribute to a common focus with no depth of focus errors between layers. This simulation was done for a zone plate with outermost zone width dr N ¼ 10 nm, thickness 200 nm in gold, and diameter D ¼ 50 lm for focusing 290 eV x-rays. For this zone plate with a depth of focus of DoF ¼ 114 nm, the proper adjustments to the zone radii for each layer lead to a significant improvement in focusing properties.
FIG. 7. (Color online)
Comparison of a four-layer zone plate with and without zone offsets. This is for the same circumstances as Fig. 6(a) shows the intensity profile and the integrated energy as a function of r at the upstream zone plate layer's focus point, while (b) shows the on-axis intensity as a function of defocus.
figure shows the intensity as a function of defocus (using the focus position of the first, upstream zone plate layer in the case of an offset on-chip stacked zone plate). As can be seen, when the zone plate thickness becomes larger than the depth of focus, the nonoffset zone plate [ Fig. 6(a) ] produces a focal spot that is degraded relative to the zone plate with offsets [ Fig. 6(b) ]. The width of the focal spot is increased, and its peak intensity is reduced. This can also be seen in plots of the radial intensity distribution at the ideal focus in Fig. 7(a) , and of the on-axis intensity as a function of defocus as shown in Fig. 7(b) . The on-chip stacking method offers a path to create zone plates with the proper offset error and thus improved performance, especially for thick zone plates used for high resolution imaging with soft x-rays.
V. CONCLUSIONS
On-chip zone plate stacking is a promising approach for both improved efficiency in hard x-ray nanofocusing and for approximating the correct volume zone plate for soft x-ray nanofocusing. 12, 13 We have demonstrated an aspect ratio of 23:1 for dr N ¼ 50 nm outermost zone width zones, and shown acceptable alignment accuracy using a JEOL JBX-9300FS electron beam lithography system. We have also demonstrated a rapid calculation approach that can be extended to simulate zone plates with various zone offset schemes such as are required to compensate for the depth of focus effect in thick high resolution soft x-ray zone plates. Future efforts will be aimed at demonstrating stacking beyond two layers, and simulations of zone plates with various systematic errors in their fabrication.
